Background: Exacerbations of childhood asthma and rhinovirus infections both peak during the spring and fall, suggesting that viral infections are major contributors to seasonal asthma morbidity. Objectives: We sought to evaluate rhinovirus infections during peak seasons in children with asthma and to analyze relationships between viral infection and illness severity. Methods: Fifty-eight children aged 6 to 8 years with asthma provided 5 consecutive weekly nasal lavage samples during September and April; symptoms, medication use, and peak flow were recorded. Rhinoviruses were identified by using multiplex PCR and partial sequencing of viral genomes. Results: Viruses were detected in 36% to 50% of the specimens, and 72% to 99% of the viruses were rhinoviruses. There were 52 different strains (including 16 human rhinovirus C) among the 169 rhinovirus isolates; no strains were found in more than 2 collection periods, and all but 2 children had a respiratory tract infection. Virus-positive weeks were associated with greater cold and asthma symptom severity (P < .0001 and P 5 .0002, respectively). Furthermore, virus-positive illnesses had increased duration and severity of cold and asthma symptoms and more frequent loss of asthma control (47% vs 22%, P 5 .008). Although allergen-sensitized versus nonsensitized children had the same number of viral infections, the former had 47% more symptomatic viral illnesses (1.19 vs 0.81 per month, P 5 .03). Conclusions: Rhinovirus infections are nearly universal in children with asthma during common cold seasons, likely because of a plethora of new strains appearing each season. Illnesses associated with viruses have greater duration and severity. Finally, atopic asthmatic children experienced more frequent and severe virus-induced illnesses. (J Allergy Clin Immunol 2010;125:1001-6.)
There are predictable peaks in asthma exacerbations in the spring and fall in temperate climates. 1, 2 For example, regular seasonal cycles of asthma hospitalizations in school-aged children in Canada have been demonstrated over a 15-year period (1990-2004) . 3, 4 Factors that contribute to the ''September epidemic'' of asthma morbidity in children are likely to include return to school and concordant exposure to viruses and allergic sensitization together with exposure to relevant airborne allergens.
Despite the close relationships between human rhinovirus (HRV) infections and asthma exacerbations, the relationships between infection and the severity of clinical illness are not completely understood. For example, HRV can cause asymptomatic infections, common colds, or exacerbations of asthma. This gap in knowledge is partly related to difficulties in detecting HRV. Early studies of HRV epidemiology used diagnostics based on tissue culture, which is insensitive. Recent studies using PCR and other molecular techniques indicate that there are new branches on the HRV family tree, [5] [6] [7] [8] and one characteristic of the recently detected HRV-C species is that they cannot be detected by using standard tissue culture. New molecular assays make it possible to conduct epidemiologic studies to identify and evaluate the role of specific strains, including HRV-C, in the activity of chronic asthma. For example, a recent study detected HRV-C in almost half of all children who were hospitalized with rhinovirusassociated respiratory tract illnesses. 9 In addition to limitations related to viral diagnostics, most previous studies have focused on detection of HRV during periods of illness: there is little information about the true rates of infection, which can be asymptomatic. This lack of data related to mild or asymptomatic illnesses has hampered efforts to identify host and viral factors that contribute to the severity of the illness.
Based on previous findings in children who were hospitalized or seen in acute-care facilities, [9] [10] [11] we hypothesized that both viral infections and allergic sensitization contribute to loss of asthma control during peak HRV seasons and that allergic children with HRV infections would be at greatest risk. Our goals for this study were to prospectively evaluate the contribution of HRV to seasonal asthma disease activity and to compare the clinical characteristics of viral and nonviral illnesses. To accomplish these goals, we monitored viral infections in children with asthma during peak common cold seasons, and the Abbreviations used HRV: Human rhinovirus PEF: Peak expiratory flow virologic information was compared with patterns of upper and lower respiratory tract illnesses, allergic sensitization, and cold and asthma disease activity.
METHODS

Study subjects and study design
The study was approved by the Human Subjects Committee of the School of Medicine and Public Health, University of Wisconsin-Madison. Written informed consent was obtained from the parents before study participation. Fifty-eight children aged 6 to 8 years with asthma were enrolled in this study. Skin prick testing was performed on each subject at the time of enrollment, as well as fluoroenzyme immunoassays with an automated instrument (Unicap 100; Phadia, Uppsala, Sweden) to determine total and allergenspecific IgE levels in plasma. The allergens evaluated by means of skin prick testing were Alternaria species, tree fluid, Cladosporium species, grass mix, Aspergillus species, ragweed, Dermatophagoides farinae, Dermatophagoides pteronyssinus, weed mix, dog dander, cat dander, and cockroach (Greer Laboratories, Lenoir, NC). In addition, allergen-specific IgE levels to D farinae, D pteronyssinus, cat, dog, Alternaria species, ragweed, silver birch, timothy grass, cockroach, egg, and peanut were measured (ImmunoCAP FEIA, Phadia).
In April 2006, nasal samples were collected every other week for a total of 6 weeks. Because of the high frequency of distinct infections, specimen collection was increased to five specimens at weekly intervals during September 2006 and 2007 and April 2007 and 2008. Children and their parents recorded information on daily diary cards. The diary cards consisted of a calendar, and each day had spaces to place a sticker for cold and asthma symptoms, as well as a blank for recording morning peak expiratory flow (PEF) and albuterol use.
All samples were included for the viral analysis. For the comparison of rates of infection with respiratory symptoms, we included only children who collected 5 sequential weekly nasal specimens and were missing less than 1 week of diary card data in any given season. Of the 58 children enrolled, there were 2 children who did not complete any series information. Included in the final analyses were 42 (75%) of the 56 children who completed at least 1 season, of whom 19 (34%) completed 2 seasons.
Collection of nasal samples
At the first study visit, subjects were taught to collect samples of their own nasal mucus using a ''nose-blowing'' technique. 12, 13 Briefly, participants sprayed saline into each nostril, alternately occluded each nare, and blew into a ''baggie.'' Two milliliters of a solution containing buffered saline (pH 7.4) along with 0.5% gelatin was then added to the baggie, which was then sealed and placed into a container in the freezer. Study materials and diaries were distributed to the homes for biweekly collection. The stability of HRV collected and stored under these conditions was confirmed in preliminary experiments: HRV was detectable even at low concentrations (100 PFU of HRV16 per milliliter), as might be seen in asymptomatic children, and samples were left at room temperature, 4 8C (refrigerated), and 220 8C (home freezer) for up to 5 weeks.
Identification of respiratory viruses
Diagnostic virology was performed for all nasal samples irrespective of whether a child had symptoms. A highly sensitive multiplex PCR-based assay (Respiratory Multicode Assay, EraGen Biosciences, Madison, Wis) was used to test for the following viruses: respiratory syncytial virus (groups A and B), HRV, parainfluenza (1, 2, 3, 4a, and 4b), influenza (A and B), adenovirus (B, C, and E), coronavirus (229E, NL63, OC43, and SARS), enterovirus, and human metapneumovirus. 14 Bocavirus detection primers were also added to the Respiratory Multicode Assay mixture for the purposes of this study.
Molecular typing assay
Molecular typing of HRV was performed as previously described. 3 Briefly, a 260-bp variable region at the 59 noncoding region of HRV was amplified from the cDNA from nasal specimens by means of seminested PCR. The 260-bp fragment was cloned and sequenced. The identity of each sequence was verified by means of comparison with the 59 sequences of the 101 reference HRV serotypes, as well as a number of sequences from newly identified strains. 5 
Respiratory symptoms and PEF
Parents and children scored cold and asthma symptom severity based on a 4-point scoring system (none, mild, moderate, and severe). Cold symptoms were defined as the following: mild, mild stuffy or runny nose but does not affect daily activities; moderate, moderate stuffy or runny nose and reduced activity but does not affect sleep; and severe, cannot breathe through the nose and not able to sleep well because of symptoms. Asthma symptoms were defined as the following: mild, occasional cough or wheeze but does not affect daily activity; moderate, frequent cough or wheeze with some shortness of breath and reduced activity but not affecting sleep; and severe, not able to sleep well because of symptoms. The personal best PEF for each subject was defined as the average of the 7 highest daily PEF values during the study period. Asthma control was defined by using the current national guidelines 15 based on symptoms, PEF, and albuterol use. The criteria for loss of asthma control consisted of at least moderate asthma symptoms and either a decrease in PEF of 20% or more or use of albuterol for more than 2 days per week.
Infection and illness definitions
Two methods were used to analyze the association between infection and illness. First, weeks (Wednesday to the following Tuesday) were designated as virus positive or negative on the basis of viral detection results from nasal mucus samples that were obtained each Saturday. The presence of cold symptoms during each weekly interval was compared with viral detection data.
Second, we identified episodes of infection and illness based on virologic findings and clinical symptoms, respectively, and either could last longer than a single week. Infections were identified by evaluating results of molecular typing; if the same virus was detected in multiple weeks, it was considered a single infection. An episode of respiratory tract illness, which could be viral or nonviral, was defined as at least 2 consecutive days of cold or asthma symptoms rated at least mild in severity by the patient.
Nasal mucus samples were collected once every 7 days; therefore we bisected the weeks and assumed an illness to be associated with a virus if signs of illness were present within 3 days of a specimen showing a positive test result for virus. Associations between viral detection and symptoms were complex in some instances, and the following data-processing rules were established a priori to define a viral illness: (1) symptomatic periods were classified as 2 separate illnesses if there was more than a 3-day interval without symptoms, and (2) if there were different virologic findings within a period of continuous symptoms, this was classified as 2 illnesses.
Statistical analyses
Peak cold and asthma symptom scores were compared by virus recovery with the x 2 test for trend. All other categorical outcomes were analyzed with the Fisher exact test. Differences in continuous outcomes were assessed by using the Wilcoxon rank sum test. A 2-sided 5% level test result was regarded as statistically significant.
RESULTS
Subjects' characteristics
Of the 58 children with asthma enrolled in the study, 42 provided at least 1 complete season of nasal specimens and diary card data and are included in the final illness analyses. The majority (88%) of the subjects had persistent asthma that required a daily controller therapy, and 57% had used an oral corticosteroid to relieve acute asthma symptoms in the year leading up to the study. This was an observational trial, and treatment of asthma was continued as per the child's regular physician. Most of the children were sensitized to at least 1 aeroallergen, as indicated by skin tests (50%), serum allergen-specific IgE measurements (69%), or both. Demographics and baseline FEV 1 were similar in those completing and not completing the study procedures (Table I) .
Identification of respiratory viruses
Of the 501 samples collected, 36% to 50% of specimens with positive test results for viruses each season (Fig 1) , and all but 2 children had a virus detected at some point in time. The 169 samples with positive test results for HRV were found to have 52 different strains (up to 18 strains per season). Of the HRV specimens, 33% were group A, 35% were group B, and 24% were group C, and the remaining could not be typed. There appeared to be seasonal differences in the prevalence of HRV species (Fig 2) . Overall, 48% of the April viruses were HRV-A, 51% of the September viruses were HRV-B, and similar numbers of HRV-C viruses were detected in April (16%) and September (22%). Other viruses detected included 7 enteroviruses, 6 adenoviruses (4 Adv-C and 2 Adv-B), 5 coronaviruses, 5 influenza viruses, 5 metapneumoviruses, 6 bocaviruses, and 3 parainfluenza viruses.
We next compared the list of HRV strains from one monitoring period to the next. The percentage of HRV isolates that were carryover strains, either from the previous season or the previous year, ranged from 0% to 28%. There were no strains found in more than 2 collection periods (Table II) .
Weekly virus detection and respiratory symptoms
We next compared weekly viral detection rates with reported respiratory symptoms. Overall, viruses were detected in 151 (37%) of 404 evaluable weeks. Both cold symptoms (67% vs 31%, P < .001) and asthma symptoms (53% vs 30%, P < .001) were more likely to occur in virus-positive compared with virus-negative weeks (see Table E1 in this article's Online Repository at www.jacionline.org). In addition, virus-positive weeks were associated with greater peak cold severity (P < .0001) and asthma symptom severity (P 5 .0002, Table III ).
Illnesses were then classified into one of 4 separate patterns: no symptoms, solitary cold symptoms, solitary asthma symptoms, and combined cold and asthma symptoms. Virus detection rates were increased during weeks with either cold symptoms alone (43%) or the combination of cold and asthma symptoms (58%). When solitary asthma symptoms were reported, virus detection rates were the same (24%) as those in asymptomatic children.
Viral versus nonviral illnesses
The 42 children who completed at least 1 season of data collection had 111 defined illnesses: 66 illnesses were virus positive, and 45 were virus negative. Of the virus-positive illnesses, 27% were associated with isolated cold symptoms, 20% were associated with isolated asthma symptoms, and 53% were associated with both. Overall, there was evidence that illnesses were more severe in the presence of viral infection (Table IV) . For example, in virus-positive illnesses the duration of cold and asthma symptoms was more than twice as long, and loss of control occurred much more frequently (47% vs 22%).
Allergic sensitization, frequency of infection, and severity of illness
Finally, we compared rates of infection (virus-positive with or without symptoms) and illness (defined by the presence of clinical symptoms) in children who were sensitized to at least 1 allergen versus those who were not. Of the 42 children who completed at least 1 season, 29 (69%) were sensitized, and 13 (31%) were nonsensitized. Rates of infections, total illnesses, and numbers of nonviral illnesses per month (April and September) were similar between the 2 groups. In contrast, the sensitized group had 47% more virus-associated illnesses per season (1.19 vs 0.81, P 5 .03, Table V) . We next tested for association between sensitization and the severity of symptoms associated with documented viral infections. The nonsensitized children most commonly reported none or mild cold symptoms with their viral infections, whereas almost half of the viral infections in the sensitized children resulted in moderate or severe cold symptoms (P 5 .01 for trend). Similarly, almost half of the viral infections in the sensitized children resulted in moderate or severe asthma symptoms, and more than half of the viral infections in the nonsensitized children were reported as asymptomatic (P 5 .02 for trend, Fig 3) . including the newly defined HRV-C. One of the unique features of this study is that we evaluated children with asthma during peak cold seasons irrespective of whether they were having asthma symptoms, cold symptoms, or both. As expected, HRV infections were major contributors to cold and asthma symptoms; however, correlations between viral infections and illness were not absolute. Clearly, nonviral factors also contributed to upper and lower airway symptoms in these children, and many infections (24%) were asymptomatic. Comparison of viral with nonviral illnesses demonstrated that viral illnesses lasted longer, were more severe, and were more likely to be associated with loss of asthma control. Finally, children with allergic sensitization had similar rates of viral infections but significantly increased rates and severity of viral illnesses compared with children who were not sensitized.
Rates of viral infections differ based on age, season, and the presence of respiratory symptoms. In previous studies of patients with asthma and respiratory symptoms, viral detection was as high as 62% to 88%, 1, 3, 10, 11 and during asymptomatic periods, detection ranges from 12% to 44%. 1, 10 The relatively high viral detection rate (36% to 50%) in our study is likely a result of our sampling both symptomatic and asymptomatic patients during periods of peak HRV prevalence. It is of particular interest that there was an extensive diversity of HRV strains detected in one community over the 3-year study period. Almost all of the strains detected each season were new (72% to 100%), and no one strain was detected in more than 2 collection periods. These findings are in substantial agreement with early studies of HRV epidemiology that used culture alone to detect HRV strains 16, 17 and add new information about patterns of newly defined HRV species. Although the strains varied from season to season and year to year, the species clustered into a pattern: HRV-A in the spring, HRV-B in the fall, and HRV-C in both seasons. This pattern is different than what has been reported in a previous study of hospitalized children with asthma in which HRV-C appeared to predominate in the fall. 9 Given the high rate of change, a longer period of evaluation will be needed before any firm conclusions can be reached regarding the seasonality of HRV species.
The high rate of viral detection during peak HRV seasons suggests that caution is needed in assigning causality between HRV detection and patterns of respiratory tract illness. In fact, viral detection was not always associated with cold symptoms, asthma symptoms, or both; both symptoms were also found during virus-negative weeks. On the other hand, there was a positive correlation between viral infection and asthma symptom severity. In addition, we found that viral illnesses were more severe, with longer durations of cold and asthma symptoms and more loss of asthma control compared with that seen with nonviral illnesses. These findings suggest that viral infections are closely associated with more significant cold and asthma symptoms and that a combination of viral and nonviral factors might be necessary to produce more severe symptoms.
There is great interest in defining potential interactions between allergy and viral infection that promote acute respiratory symptoms. More than two thirds of our subjects were sensitized to at least 1 allergen tested; those who were sensitized had the same number of infections but experienced 47% more viral respiratory tract illnesses with increased severity of both cold and asthma symptoms compared with the nonsensitized children. Furthermore, the nonsensitized children were more likely to experience asymptomatic infections. This would not have been apparent without routine sampling of nasal secretions. The results are consistent with observations in previous studies that have suggested that sensitization to aeroallergens is a significant risk factor and might be critical for severe viral illnesses. 10, 11, 18, 19 Furthermore, it has also been suggested that sensitization and allergen exposure or viral infection alone do not act as independent risk factors for an asthma hospitalization; rather, they only increase the risk in combination. 18 Because there are currently no effective antiviral treatments for common cold viruses, there is a need for clinical studies to determine whether controlling allergic inflammation is an effective strategy for reducing the risk of severe virus-induced asthma symptoms in allergic subjects.
The strengths of current study included the prospective study design; weekly sampling of nasal mucus regardless of symptoms; use of sensitive molecular-based viral diagnostics, including molecular typing; and comparison of viral versus nonviral illnesses. Limitations of the study include the absence of children without asthma and the modest sample size. Based on our findings in this study, we are currently conducting a larger study that will include both children with and without asthma and will focus on identifying additional host and viral characteristics that are associated with illness severity.
In conclusion, this study has shown that nearly all children with asthma are infected with viruses during the peak common cold seasons. Of the many HRV strains moving through a community in any given month, many strains were associated with loss of asthma control, including the newly discovered HRV-C species viruses. Additional studies are needed to determine whether there are specific characteristics of these viruses that promote wheezing and acute asthma. These data also show that respiratory tract illnesses associated with viruses are more severe and of longer duration and provide further evidence of interactions between allergy and virus-induced respiratory morbidity. Understanding the mechanisms for these interactions might be the key to designing novel and more effective treatments or preventive strategies for virus-induced exacerbations of asthma.
Clinical implications: The combination of viral infection and allergy increases the morbidity of respiratory tract illnesses in children with asthma. 
